We conducted a series of rotary-shear friction experiments on ground dolerite gouges, in which the amount of adsorbed moisture increases with grinding time (t gr ), at room temperature and humidity, a normal stress of 2 MPa, and constant equivalent slip rates (V eq s) ranging from 20 μm/s to 1.3 m/s. Their frictional strength changed with V eq and t gr in three different ways depending on V eq and the gouge temperature (T). At V eq ≤ 1.3 cm/s, T did not exceed 80°C, and the steady state friction coefficient (μ ss ) ranged from 0.59 to 0.80. μ ss changes little with V eq , while μ ss at a given V eq systematically increases with t gr probably due to moisture-adsorbed strengthening of gouges. At V eq = 4 cm/s, T exceeded 100°C, and dehydration of gouges resulted in roughly the same μ ss values (0.60-0.66) among gouges with different periods of t gr . At V eq ≥ 13 cm/s, T reached 160-500°C, and μ ss dramatically decreases with V eq to 0.08-0.26 at V eq = 1.3 m/s, while μ ss at a given V eq systematically decreases with t gr . At these fast V eq s, dehydration of gouges likely occurred too fast for water vapor to completely escape out from the gouge layer. Therefore, faster dehydration at faster V eq possibly resulted in a larger pore pressure increase and lower frictional strength. In addition, because gouges with longer periods of t gr contain larger amounts of adsorbed moisture, they became weaker due to larger increases in pore pressure and hence larger amounts of reduction in frictional strength.
Introduction
It has been demonstrated in both experimental and natural studies that faulting induces amorphization of comminuted materials [e.g., Yund et al., 1990; Ozawa and Takizawa, 2007; Brantut et al., 2008] . Goldsby and Tullis [2002] and Di Toro et al. [2004] revealed extraordinary low frictional strength of quartzite and novaculite at subseismic slip rates ranging from 1 mm/s to 10 cm/s and ascribed this weakening to the formation of comminuted hydrated amorphous material, i.e., silica gel, on the experimental fault surface. Hayashi and Tsutsumi [2010] demonstrated the formation of hydrated amorphous silica on the sliding surface of chert associated with weakening at the same range of slip rates. Besides quartz rocks, Brantut et al. [2008] reported dramatic weakening of natural and synthetic kaolinite-rich gouges at seismic slip rates of ≈ 1 m/s. They observed amorphization of kaolinite and moisture release during their experiments and concluded that thermal pressurization caused by dehydration of amorphized kaolinite is responsible for the weakening. Noda et al. [2011] also reported a decrease in frictional strength with increasing amount of amorphous gouge material in their high-temperature friction experiments on dolerite at a slip rate of 1 cm/s, although increased temperature also possibly affected frictional strength. Thus, the presence of amorphous material likely reduces the fault strength at slip rates higher than 1 mm/s, although its mechanism seems not unique.
To the contrary, slide-hold-slide experiments on quartz and gabbro gouges at controlled humidity revealed an increase in static friction with increasing room humidity, which has been ascribed to moisture-adsorbed strengthening [Frye and Marone, 2002; Mizoguchi et al., 2006] . Mizoguchi et al. [2006] also reported absence of crystalline structure in their wear materials, implying that they are amorphous. Thus, the presence of amorphous material can possibly affect the fault strength in different ways according to applied slip rate or room humidity.
2001b] and plagioclase [e.g., Sánchez et al., 2004] and that the amount of amorphous material increases with grinding time [e.g., Takahashi, 1959a Takahashi, , 1959b Takahashi, , 1959c Sánchez et al., 2004] . In this study, we prepared dolerite gouges by grinding in an agate mortar for 10 min to 60 h and conducted friction experiments on ground dolerite gouges at slip rates ranging from 20 μm/s to 1.3 m/s, in order to systematically investigate how amorphous material affects the simulated fault strength according to slip rate. The results reveal that moisture preferentially adsorbed in amorphous particles strongly affects frictional strength in three different ways depending on the slip rate and gouge temperature. They also show that amorphous material alone does not affect frictional strength. Implications of these results for natural faulting are also discussed.
Methods

Grinding
We used a dolerite sample from Belfast, Northern Ireland, for grinding. This is the same sample used for rotary shear experiments by Noda et al. [2011] . This dolerite is composed mainly of plagioclase (44.5%) and clinopyroxene (27.9%) with minor amounts of hornblende (9.3%), quartz (5.8%), K-feldspar (3.6%), orthopyroxene (3.6%), biotite (1.8%), apatite (0.8%), and opaque minerals (2.7%) including magnetite, hematite, and ilmenite [Noda et al., 2011] . It shows an ophitic texture of euhedral lath-shaped plagioclase and anhedral clinopyroxene. Grain size ranges from 50 μm to 1 mm.
The dolerite sample was first crushed in an iron mortar and sieved to grains smaller than 500 μm; the 2.0 g of which were then ground in an automated agate mortar with a diameter of 12 cm and a depth of 2.85 cm ( Figure 1 ) for 1/6 (10 min), 6, 12, 24, 36, 48 , and 60 h. We call these ground samples hereafter Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60, respectively, and abbreviate grinding time as t gr . During grinding, a stainless pestle with an agate tip ( Figure 1 ) was loaded by a force of 30 N and moved around in a complicated manner with a velocity of 39 cm/s relative to the mortar. Grinding was halted for 15 min at every 3 h in order to prevent oxidation of ground materials due to frictional heating.
Observations and Analyses of Ground Samples
Thin sections were made from epoxy-impregnated ground dolerite samples, and backscattered electron (BSE) microstructures were observed using a JEOL JSM-6500F at Kochi Institute for Core Sample Research, Japan Agency for Marine-Earth Science and Technology. A volume of materials from sample Gr36 was immersed in ethanol and centrifuged; the particle suspension of which was scooped by a syringe and dropped on a sample holder for transmission electron microscope (TEM). TEM microstructures were then observed using a JEOL JEM-2010 at Natural Science Center for Basic Research and Development, Hiroshima University.
We conducted powder X-ray diffraction analyses on ground dolerite samples using a Rigaku RAD-IIB X-ray diffractometer at Department of Earth Sciences, Chiba University. We used a sample holder made of nonreflective glass in order to appropriately identify and quantify amorphous phase. After qualitative analyses to check constituent minerals, we conducted quantitative analyses following the method described by Chung [1974] . We used quartz as the reference mineral and prepared a powder mixture of equal weights of synthetic quartz and each constituent mineral within the sample to be analyzed. From an X-ray diffraction profile of each mixture, the peak-height ratio of a specific diffraction plane of each mineral to that of quartz was obtained. The peak-height ratio of the same diffraction planes from an X-ray diffraction profile of the sample to be analyzed then provides an estimate of relative weight of that specific mineral with respect to quartz. 
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This method, although not so precise, gives a rough estimate of the modal composition in weight percent (wt %). Contents of constituent minerals in each sample are normalized so that their total becomes 100 wt %.
In order to investigate the amount of moisture absorbed, we conducted thermogravimetric and differential thermal analyses on ground dolerite samples using a Rigaku Thermo plus EVO2 and a Rigaku TG8120 at Research Institute of Earthquake and Volcano Geology, Geological Survey of Japan. Each ground sample was heated on a balance together with a reference sample of alumina at a rate of 10°C/min from room temperature to 1000°C. During heating, the ground sample weight and the temperature difference between the ground and reference samples were continuously recorded.
We also conducted particle analyses on ground dolerite samples Gr1/6, Gr6, and Gr36 using a Malvern Instruments' Molphologie G3 at a laboratory of Malvern Japan in Tokyo. For each ground sample, 7 mm 3 of particles were scattered on a glass plate, and digital micrographs of 6700-8400 particles were taken under an optical microscope. The diameter of a circle having an area equal to that of a particle was used as its particle size d. Particles with d ≥ 0.22 μm were then picked up and analyzed to obtain their shape parameters. Aspect ratio R and circularity C defined below were used to characterize the shape of a particle.
where a and b are the lengths of long and short axes, respectively, and l and A are the perimeter length and area, respectively. C value of 1.0 indicates a perfect circle, while C value approaching 0 indicates an increasingly elongated polygon.
Friction Experiments
We conducted friction experiments using a rotary shear apparatus ( Figure 2 ) at Research Institute of Earthquake and Volcano Geology, Geological Survey of Japan. This apparatus enables friction experiments at normal stresses up to 100 MPa and slip rates ranging from 3 mm/year to ≈ 10 m/s by using an 11 kW servo motor and four sets of gear/belt assembly [Togo and Shimamoto, 2012] .
We used two types of specimen assembly. One used in most experiments consisted of a layer of 1.0 g ground dolerite gouge sandwiched by a pair of cylindrical gabbro blocks of 25 mm in diameter and 20 mm in length ( Figure 3a) . The other used in a few additional experiments was the same as the above assembly except for the use of porous Berea sandstone as the stationary cylindrical block (Figure 3b ). The latter assembly enables pore fluid or gas to escape out from the gouge layer through a permeable sandstone block, while the former assembly prevents to do so by impermeable gabbro blocks. In both assemblies, a Teflon® sleeve was mounted in order to prevent gouge expulsion during experiments (Figure 3 ), although it did not work well in some experiments. The sliding surfaces of upper and lower blocks were ground with #80 carborundum abrasive powder in order to reduce the slip along the gouge-block interfaces. 
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Since the slip rate and displacement varied as a function of distance from the center of the rotation axis, we used equivalent slip rate V eq and equivalent displacement L eq defined by Tsutsumi and Shimamoto [1996] as follows:
where r, ω, and t are the radius of cylindrical specimen assembly, angular velocity and time, respectively. V eq is the velocity such that τSV eq gives the total rate of frictional work on the slip surface area S, provided that the shear stress τ is constant over the slip surface [Tsutsumi and Shimamoto, 1996] .
We conducted friction experiments on ground dolerite gouge samples at room temperature and humidity, a normal stress of 2 MPa and constant V eq s of 20 μm/s, 160 μm/s, 1.3 mm/s, 1.3 cm/s, 4 cm/s, 13 cm/s, and 1.3 m/s, by rotating the upper block while axially loading the lower block (Figure 3 ), until quasi steady state was reached. Torque and axial shortening (ΔH) were monitored during each experiment. The coefficient of friction (μ) was obtained as the ratio of shear stress to normal stress; the former of which was calculated from the torque. Temperature of the gouge layer was also monitored during several experiments by using a thermocouple inserted from a small hole made 5 mm distant from the periphery of the stationary lower block (Figure 3) [cf. Oohashi et al., 2015] .
Microstructural Observations of Gouges After Friction Experiments
Specimen assemblies after some friction experiments were vacuum-impregnated with epoxy, and thin sections cut perpendicular to the slip surfaces were made from their peripheral parts. BSE microstructures of gouge layers were then observed using a JEOL JSM-6460 at Department of Earth Sciences, Chiba University.
Results
3.1. Characterization of Ground Dolerite Samples 3.1.1. Microstructures Sample Gr1/6 is composed of angular grains of variable sizes (Figure 4a ). In contrast, sample Gr6 contains abundant rounded grains ranging in size from smaller than 1 μm to a few tens of microns ( Figure 4b ). With increasing t gr , submicron grains become more dominant, and rounded grains become more spherical (Figures 4c and 4d) . Relatively large spherical grains are composed of an angular clast core and a mantle of submicron ground particles (e.g., white arrows in Figures 4b-4d ). This suggests that relatively small spherical grains (Figures 4b-4d ) are also aggregates of submicron ground particles.
The majority of submicron ground particles are transparent under TEM (Figure 5a ). They are commonly smaller than 100 nm in size and aggregate into rounded grains with sizes of several hundred nanometers ( Figure 5a ). Opaque particles under TEM (e.g., particle "c" in Figure 5b ) show electron diffraction patterns with regularly arranged spots (Figure 5c ), indicating that they are crystalline. In contrast, transparent particles under TEM (e.g., particle "d" in Figure 5b ) show electron diffraction patterns with a halo and some distinct spots (Figure 5d ), indicating that they are largely amorphous although partly crystalline. This implies that the majority of submicron ground particles are amorphous.
X-Ray Diffraction Analyses
The X-ray diffraction profile of sample Gr1/6 shows distinct sharp peaks corresponding to diffraction planes of constituent minerals ( Figure 6a ). All sharp peaks of sample Gr6 are significantly weaker than those of sample Gr1/6 (Figures 6a and 6b), while a broad peak above the background becomes apparent (Figure 6b ), suggesting the presence of amorphous material, as confirmed by TEM observations described above. With 
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increasing t gr , all sharp peaks become further weaker, and a broad peak above the background becomes more pronounced (Figures 6b-6d ). These observations suggest that the amount of constituent minerals decreases, while the amount of amorphous material increases with t gr , as confirmed below.
Quantitative X-ray diffraction analyses show that amorphous material is absent in sample Gr1/6, while its amount significantly increases with t gr up to ≈ 40 wt % at 36 h and only slightly increases thereafter to ≈ 43 wt % at 60 h ( Figure 7 and Table 1 ). In contrast, the content of feldspars, mostly plagioclase, significantly decreases with t gr from ≈ 55 wt % at 10 min to ≈ 30 wt % at 36 h and slightly decreases thereafter to ≈ 28 wt % at 60 h ( Figure 7 and Table 1 ). Pyroxenes and hornblende also notably decrease in content with t gr from ≈ 25 and ≈ 6 wt %, respectively, at 10 min to ≈ 13 and ≈ 1 wt %, respectively, at 36 h and do not change noticeably thereafter ( Figure 7 and Table 1 ). In contrast, quartz and magnetite do not show significant and systematic changes in content with t gr ( Figure 7 and Table 1) . 3.1.3. Thermogravimetric and Differential Thermal Analyses Sample Gr1/6 showed only a small weight loss during heating, while all other samples showed significant weight losses during heating ( Figure 8a and Table 2 ). A significant amount of weight loss (85-90% of the total weight loss) occurred at a temperature range of 100-400°C, and another small amount of weight loss (10-15% of the total weight loss) occurred at a temperature range of 500-800°C ( Figure 8a and Table 2 ). The amount of weight loss at a given temperature increases with t gr up to 36 h, but further grinding does not significantly affect the weight loss ( Figure 8a ). The maximum value of weight loss during heating was ≈ 0.6% from sample Gr1/6, and increases with t gr up to 13-14% from the samples ground for 36 h or longer (Table 2 ).
Except for sample Gr1/6, the temperature difference between ground dolerite and reference alumina samples (ΔT) commonly shows a distinct negative peak at 120-130°C, indicating an endothermic reaction, with ΔT decreasing with t gr (Figure 8b ). In contrast, neither negative nor minimum ΔT was observed at this temperature range for sample Gr1/6 ( Figure 8b ). All samples show another broad negative peak at Feldspars include plagioclase and K-feldspar, while pyroxenes include clinopyroxene and orthopyroxene. Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60 are samples ground for 1/6, 6, 12, 24, 36, 48, and 60 h, respectively.
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600-650°C, suggesting another endothermic reaction, with no systematic change in ΔT with t gr (Figure 8b ). Most samples show a small positive peak indicating an exothermic reaction at 860-870°C (Figure 8b) . 3.1.4. Particle Analyses Particle size decreases with t gr (Figure 9a) ; the average ± standard deviation of particle size is 1.62 ± 1.20 μm at 10 min, 1.51 ± 0.96 μm at 6 h, and 1.16 ± 0.73 μm at 36 h. Aspect ratio also decreases with t gr (Figure 9b) ; the average ± standard deviation of aspect ratio is 1.29 ± 0.24 at 10 min, 1.25 ± 0.21 at 6 h, and 1.22 ± 0.21 at 36 h. Accordingly, circularity increases with t gr (Figure 9c) ; the average ± standard deviation of circularity is 0.899 ± 0.082 at 10 min, 0.915 ± 0.078 at 6 h, and 0.924 ± 0.076 at 36 h. Thus, ground particles become smaller and more circular with increasing t gr , i.e., more spherical in three dimensions. It should be noted that these data are based on particles with their sizes larger than 0.22 μm and that the majority of amorphous particles smaller than 0.1 μm in size are not counted.
Results of Friction Experiments 3.2.1. Friction Experiments Using Impermeable Spacers
We conducted friction experiments using the specimen assembly with a pair of gabbro blocks for impermeable conditions (Figure 3a) . Frictional behavior of ground dolerite gouges at these conditions differed according to three different ranges of V eq , as described below.
At V eq ≤ 1.3 cm/s, gouge samples commonly exhibited slip hardening after an initial peak friction with μ reaching 0.55-0.77 and subsequent slip weakening with a minimum μ of 0.44-0.60 at L eq ≈ 0.1 m, until the quasi steady state at L eq = 0.7-4.5 m, where the steady state friction coefficient (μ ss ) ranged from 0.59 to 0.80 Change in temperature difference (∆T) between ground dolerite and reference alumina samples with increasing temperature (T) during differential thermal analyses. ∆T is shown in μV of thermocouple output. Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60 are samples ground for 1/6, 6, 12, 24, 36, 48 , and 60 h, respectively. Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60 are samples ground for 1/6, 6, 12, 24, 36, 48 , and 60 h, respectively. Minimum denotes the minimum weight during a thermogravimetric analysis.
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(e.g., Figures 10a and 10b and Table 3 ). μ ss does not change significantly with V eq among gouge samples with a given t gr , while it increases with t gr among gouge samples at a given V eq (e.g., Figures 11a and 11b and Table 3 ). The amount of axial shortening (ΔH) commonly increased rapidly until L eq ≈ 0.1 m and gently thereafter to 0.03-0.76 mm, although an accelerated increase in ΔH occurred during some experiments due to gouge expulsion from the Teflon® sleeve (e.g., Figures 10a and 10b) . The gouge temperature (T) did not noticeably increase during the experiments at V eq ≤ 1.3 mm (e.g., Figures 10a and 10b) , while it reached 60-80°C during the experiments at V eq = 1.3 cm (Table 3) .
At V eq = 4 cm/s, gouge samples commonly showed a peak friction with μ reaching 0.68-0.77 at L eq ≈ 0.5 m and subsequent slight slip weakening toward the quasi steady state at L eq = 4.4-7.1 m, although significant fluctuations in μ were observed (Figure 10c and Table 3 ). μ ss values were 0.60-0.66 being roughly the same among gouge samples with different periods of t gr (Figure 11c and Table 3 ). ΔH commonly increased rapidly Figure 9 . Frequency distributions of (a) grain size (d), (b) aspect ratio (R), and (c) circularity (C) for dolerite samples Gr1/6, Gr6, and Gr36 ground for 1/6, 6, and 36 h, respectively.
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until L eq ≈ 0.5 m and moderately thereafter, although an accelerated increase in ΔH occurred during a few experiments due to gouge expulsion (Figure 10c ). T gradually increased to ≈ 100°C by L eq ≈ 4 m and reached 100-130°C during the experiments (Figure 10c ). T at the smallest total L eq among the experiments (T @minLeq ) does not change significantly with t gr (Figure 11c and Table 3 ).
At V eq ≥ 13 cm/s, gouge samples commonly showed an initial peak friction with μ reaching 0.66-0.80 and subsequent significant slip weakening until L eq ≈ 2 m, followed by gentle slip weakening toward the quasi steady state at L eq = 7.3-34.7 m (Figures 10d and 10e and Table 3 ). μ ss values were 0.45-0.64 at V eq = 13 cm/s Figure 10 . Friction coefficient (μ), amount of axial shortening (∆H) and gouge temperature (T; dashed line) plotted against equivalent displacement (L eq ) for impermeable friction experiments at equivalent slip rates (V eq ) of (a) 20 μm/s, (b) 1.3 mm/s, (c) 4 cm/s, (d) 13 cm/s and (e) 1.3 m/s, and for permeable friction experiments at (f) V eq = 13 cm/s. Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60 are samples ground for 1/6, 6, 12, 24, 36, 48 , and 60 h, respectively.
and 0.08-0.26 at V eq = 1.3 m/s so that μ ss dramatically decreases with V eq between gouge samples with a given t gr (Figures 10d and 10e and Table 3 ). On the other hand, it systematically decreases with t gr among gouge samples at a given V eq (Figures 11d and 11e and Table 3 ). ΔH commonly increased rapidly until L eq ≈ 2 m and gently thereafter at V eq = 13 cm/s (Figure 10d) , except for gouge sample Gr1/6 which showed an accelerated increase in ΔH at L eq = 3-5 m due to gouge expulsion and subsequent slight decrease implying dilatation (Figure 10d ). In Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60: samples ground for 1/6, 6, 12, 24, 36, 48, and 60 h, respectively, σ: normal stress, V eq : equivalent slip rate, L eq : equivalent displacement, T @minLeq : temperature at the smallest total L eq among the temperature-measured, same V eq experiments, μ ss : steady state friction coefficient with its average and range, and -: not measured.
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the experiments at V eq = 1.3 m/s, ΔH commonly increased rapidly until L eq ≈ 2 m and then gently until a maximum at L eq = 5-15 m, subsequently decreased until L eq = 15-25 m, and increased again thereafter (Figure 10e ). Thus, dilatation as indicated by a decrease in ΔH commonly occurred during the experiments at V eq = 1.3 m/s. At V eq = 13 cm/s, T rapidly increased to ≈ 100°C until L eq ≈ 2 m and gently increased thereafter to 160-270°C (Figure 10d) . T @minLeq has a tendency to decrease with t gr (Figure 11d and Table 3 ). At V eq = 1.3 m/s, T commonly rapidly reached over 100°C before L eq ≈ 2 m, but the T changes thereafter are different according to t gr Figure 11 . Steady state friction coefficient (μ ss ; circle) and temperature at the smallest total equivalent displacement (T @minLeq ; square) plotted against grinding time (t gr ) of gouges for impermeable friction experiments at equivalent slip rates (V eq ) of (a) 20 μm/s, (b) 1.3 mm/s, (c) 4 cm/s, (d) 13 cm/s and (e) 1.3 m/s, and for permeable friction experiments at (f) V eq = 13 cm/s.
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( Figure 10e ). Gouge sample Gr1/6 showed a moderate T increase until the end of the experiment, where T exceeded 500°C (Figure 10e ). Gouge samples Gr6 and Gr12 showed a gentle T increase until the end of the experiment, where T reached 235-300°C (Figure 10e ). Gouge samples ground for 24 h or longer showed a gradual T increase to ≈ 150°C until L eq ≈ 10 m and only a slight increase thereafter to ≈ 180°C (Figure 10e) . Thus, T @minLeq decreases with t gr (Figure 11e and Table 3 ), as observed in the experiments at V eq = 13 cm/s.
Friction Experiments Using Permeable Spacers
We conducted additional friction experiments on three gouge samples Gr1/6, Gr12, and Gr60 at V eq = 13 cm/s using the specimen assembly with a pair of cylindrical gabbro and Berea sandstone blocks for a permeable condition (Figure 3b ). We also tried friction experiments at V eq = 1.3 m/s, which were unsuccessful due to thermal cracking of the stationary sandstone block. Gouge sample Gr1/6 exhibited frictional behavior similar to the one at an impermeable condition, i.e., an initial peak friction with μ reaching 0.82 and subsequent slip weakening toward the quasi steady state at L eq = 11.4 m, where μ ss was 0.67 ( Figure 10f and Table 4 ). In contrast, gouge samples Gr12 and Gr60 showed quasi steady state slip with μ ss of 0.64-0.67 after initial fluctuations in μ until L eq ≈ 2 m (Figure 10f and Table 4 ). Thus, μ ss is not noticeably different among three gouge samples ( Figure 11f and Table 4 ). ΔH increased rapidly until L eq ≈ 1 m and gently thereafter, except for gouge sample Gr1/6 which showed dilatation at L eq = 0.5-2.5 m for some unknown reason and accelerated shortening from L eq ≈ 6 m due to gouge expulsion (Figure 10f ). Gouge samples Gr1/6 and Gr60 showed a continuous increase in T up to ≈ 300°C and ≈ 230°C, respectively (Figure 10f ). T @minLeq tends to decrease with t gr as in the impermeable experiments (Figure 11f and Table 4 ).
Microstructures of Gouges After Friction Experiments
Gouge sample Gr1/6 after the experiment at V eq = 1.3 mm/s is composed of angular fragments of variable sizes (Figure 12a ) as in the ground sample before the experiment (Figure 4a ). Slip-localized Y shear and R 1 Riedel shear surfaces accompanied by grain size reduction are weakly developed (Figure 12a ). Gouge samples Gr12 and Gr60 after the experiments at V eq = 1.3 mm/s contain abundant spherical grains as in the ground samples before the experiments (e.g., Figures 4b-4d) . Slip-localized Y shear surfaces accompanied by enhanced comminution and cracks in the R 1 Riedel shear direction are well developed in these gouge samples (Figures 12b and 12c) . Gouge sample Gr12 after the experiment at V eq = 1.3 m/s does not show clear evidence for localized slip except for poorly developed R 1 Riedel shear surfaces (Figure 12d ).
Discussion
Amorphization and Moisture Adsorption in Ground Dolerite
Our analyses of ground dolerite samples demonstrate that grinding of dolerite induces progressive amorphization of ground materials, as already reported for clay minerals and plagioclase [e.g., Takahashi, 1959a Takahashi, , 1959b Takahashi, , 1959c Sánchez et al., 2004] . The changes in modal composition in ground materials with t gr imply that amorphization occurred intensively in feldspars, pyroxenes, and hornblende, but not likely in quartz and magnetite ( Figure 7 and Table 1 ). Takahashi [1959a] reported that kaolinite ground in a mortar for up to 312 h became largely amorphous, while Sánchez et al. [2004] reported that plagioclase ground using a planetary ball mill for only 2 h became completely amorphous. This indicates that a planetary ball mill can promote more amorphization than a mortar. We ground dolerite in a mortar for only up to 60 h so that the amount of amorphous material produced (up to ≈ 43 wt %; Figure 7 and Table 1 ) was much smaller than that obtained by Takahashi [1959a] .
Previous studies have shown that ground materials adsorb moisture of an amount increasing with grinding time [Mckenzie and Milne, 1953; Takahashi, 1959a Takahashi, , 1959b Takahashi, , 1959c Kalinkina et al., 2001a Kalinkina et al., , 2001b , which is consistent with the results of this study, as described below. Endothermic reactions at 120-130°C and 600-650°C Gr1/6, Gr12, and Gr60: samples ground for 1/6, 12, and 60 h, respectively, σ: normal stress, V eq : equivalent slip rate, L eq : equivalent displacement, T @minLeq : temperature at the smallest total L eq between the temperature-measured two experiments, μ ss : steady state friction coefficient with its average and range, and -: not measured.
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observed during differential thermal analyses (Figure 8b ) correspond to dehydration of adsorbed water and dehydroxylation of lattice water, respectively [e.g., Paterson and Swaffield, 1987] . All samples showed dehydroxylation at 600-650°C (Figure 8b) , because the dolerite sample used for grinding contains hydrous minerals such as hornblende and biotite. Dehydration at 120-130°C was observed for all samples but sample Gr1/6, where ΔT decreases with t gr (Figure 8b ). This implies that the amount of adsorbed water is negligible in sample Gr1/6 and increases with t gr . The origin of adsorbed water must therefore be moisture, and the significant weight loss at a temperature range of 100-400°C (Figure 8a ) is associated with the loss of moisture adsorbed on the surfaces of ground particles. The amount of adsorbed moisture represented by the weight loss at a temperature range of 100-400°C significantly increases with t gr from ≈ 0.6 wt % at 10 min to ≈ 10 wt % at 36 h and does not change much thereafter, i.e., 11-12 wt % at 48 and 60 h ( Figure 13 and Table 2 ). Moisture adsorption increases with increasing specific surface area, which in turn is 
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inversely proportional to particle size [e.g., Guéguen and Palciauskas, 1994] . Because particle size becomes smaller with t gr (Figure 9a ), the amount of adsorbed moisture must increase with t gr . It actually increases with t gr in proportion to the amount of amorphous material ( Figure 13 ). These lines of evidence indicate that moisture was preferentially adsorbed in amorphous particles.
Spherical Agglomeration in Ground Dolerite
Microstructural observations combined with X-ray diffraction and particle analyses reveal that submicron particles become more dominant, amorphous, and spherical and aggregate into rounded grains with increasing t gr (Figures 4b-d, 5 , 7, and 9a). Relatively small spherical grains as seen in Figures 4b-4d are likely formed by agglomeration of submicron amorphous particles as observed in previous studies [Takahashi, 1959a [Takahashi, , 1959b [Takahashi, , 1959c Sánchez et al., 2004] , while relatively large spherical grains are formed by accretion of submicron amorphous particles around a crystalline clast (e.g., white arrows in Figures 4b-4d) . The latter is analogous to accretionary lapilli formed by accretion of fine ash particles around relatively large particles in volcanic ash falls [e.g., Moore and Peck, 1962] or clay-clast aggregate formed by clay coating around a clast in fault gouges [e.g., Boullier et al., 2009] . Agglomeration of fine ash particles in accretionary lapilli is known to occur by their electrostatic attraction and moisture-induced binding [e.g., Gilbert and Lane, 1994; Schumacher and Schmincke, 1995] . The moisture-induced binding is caused by capillary forces of liquid bridges between particles as known in powder technology [e.g., Coelho and Harnby, 1978] . The formation of clay-clast aggregate has been discussed in a similar way [Boutareaud et al., 2008 [Boutareaud et al., , 2010 Han and Hirose, 2012] . Grinding inevitably induces friction between ground amorphous particles, which would cause electrostatic forces to attract them by their triboelectric charging [e.g., Forward et al., 2009] . In addition, moisture preferentially adsorbed in submicron amorphous particles as discussed above would act as bridges between them and bind them by capillary forces. Thus, both grinding to produce submicron amorphous particles and their preferential moisture adsorption favor their spherical agglomeration by their electrostatic attraction and moisture-induced binding, as accretionary lapilli or clay-clast aggregate.
Frictional Strength of Ground Dolerite Gouge
Our friction experiments on ground dolerite gouges at impermeable conditions reveal that their frictional strength changes with V eq and t gr in three different ways depending on V eq and T, as discussed below.
At V eq ≤ 1.3 cm/s, μ ss changes little with V eq among gouge samples with a given t gr ( Figure 14 and Table 3 ), while μ ss systematically increases with t gr among gouge samples at a given V eq (e.g., Figures 11a, 11b , and 14 and Table 3 ). Because Ts were lower than 80°C (e.g., Figures 10a, 10b , and 14 and Table 3 ), gouge samples must have retained moisture adsorbed in amorphous particles. Previous slide-hold-slide experiments on quartz and gabbro gouges at controlled humidity revealed an increase in static friction with increasing humidity, which has been ascribed to moisture-adsorbed strengthening caused by capillary forces of liquid bridges between particles [Frye and Marone, 2002; Mizoguchi et al., 2006] . Gouges with longer periods of t gr in our experiments, which retain larger amounts of moisture preferentially adsorbed in amorphous particles ( Figure 13 and Table 2 ), exhibited higher μ ss values probably due to moisture-adsorbed strengthening of amorphous particles.
At V eq = 4 cm/s, μ ss values were roughly the same among gouge samples with different periods of t gr ( Figure 11c and Table 3 ). Ts over 100°C during the quasi steady state slip (Figure 10c ) indicate that dehydration of amorphous particles occurred during the experiments, and therefore, moisture-adsorbed strengthening was not effective. Roughly the same μ ss values irrespective of t gr ( Figure 11c and Table 3 ) imply that amorphous material alone does not affect frictional strength of ground dolerite gouges.
At V eq ≥ 13 cm/s, μ ss dramatically decreases with V eq between gouge samples with a given t gr ( Figure 14 and Table 3 ), while μ ss systematically decreases with t gr among gouge samples at a given V eq (Figures 11d, 11e , and 14 and Table 3 ). Dramatic velocity weakening at these slip rates is a well-known phenomenon [e.g., Tsutsumi and Shimamoto, 1997; Wibberley et al., 2008; Di Toro et al., 2011] and has been ascribed to either melt lubrication [e.g., Hirose and Shimamoto, 2005; Di Toro et al., 2006] , silica-gel lubrication [Goldsby and Tullis, 2002; Di Toro et al., 2004; Hayashi and Tsutsumi, 2010] , nanopowder lubrication [Han et al., 2007 [Han et al., , 2010 
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Gouge temperatures were too low for melting to occur in our experiments. In addition, the microstructure of a gouge sample at V eq = 1.3 m/s does not show any evidence for the presence of a melt layer (Figure 12d ). Therefore, melt lubrication is unrealistic in our experiments. Because quartz was not likely amorphized by grinding of dolerite (Figure 7) , it would have not been so during the friction experiments either, which does not support silica-gel lubrication. Nanopowder lubrication was observed along carbonate interfaces or in carbonate gouges when carbonate decomposition occurred [Han et al., 2007 [Han et al., , 2010 , which cannot be applied to our experiments. Slip weakening at V eq ≥ 13 cm/s occurred in our gouge samples when T reached ≈ 100°C at L eq ≈ 2 m (Figures 10d and 10e ), which seems too low for flash heating to have been responsible for the weakening even though flash temperatures at asperity contacts were much higher than 100°C. This rather implies that weakening is associated with dehydration of gouge particles. We consider that thermal pressurization is most likely responsible for weakening of our ground dolerite gouges at V eq ≥ 13 cm/s, as discussed below.
Gouge sample Gr1/6 showed dramatic weakening to μ ss ≈ 0.23 at V eq = 1.3 m/s (Figures 10e and 11e and Table 3 ). It contains only ≈ 0.6 wt % of adsorbed moisture, i.e., ≈0.006 g of 1 g gouge sample ( Figure 13 and Table 2 ). But its dilatation observed at T ≈ 230°C (Figure 10e ) suggests an increase in pore pressure within the gouge layer by vaporization of adsorbed moisture, as discussed by Boutareaud et al. [2008] . Pore pressure raised by vaporization does not exceed the saturated vapor pressure, which is ≈ 3 MPa at 230°C according to Tetens's [1930] equation. From the combined gas law, the amount of saturated water vapor at 230°C within the gouge layer of 25 mm in diameter and 1 mm in thickness (cf. Figure 12 ) is estimated to be only ≈ 0.006 g, which is equal to the amount of adsorbed moisture in this sample. Of course, water vapor would have escaped out from the space between the Teflon® sleeve and gabbro blocks. But L eq required for T to reach 230°C was ≈ 6.6 m (Figure 10e ), and the time required was only ≈ 5 s. Thus, vaporization at V eq = 1.3 m/s was possibly fast enough so that water vapor could not totally escape out from the gouge layer and raised pore pressure within the gouge layer. Even if only one third of water vapor (≈0.2 wt %) was trapped within the gouge layer at 230°C, pore pressure would have increased to ≈ 1 MPa, i.e., approximately a half of the normal stress of 2 MPa, and reduced frictional strength by ≈ 50%. An increase in pore pressure due to fast vaporization of moisture also likely occurred in other gouge samples at V eq = 1.3 m/s, because dilatation was commonly observed during the experiments (Figure 10e ). The decrease in T @minLeq with t gr (Figure 11e and Table 3 ) implies that vaporization of moisture consumed more frictional heat as t gr increases. Because Figure 14 . Steady state friction coefficient (μ ss ; circle) and temperature at the smallest total L eq among the temperaturemeasured, same V eq experiments (T @minLeq ; square) plotted against equivalent slip rate (V eq ) for impermeable friction experiments. Gr1/6, Gr6, Gr12, Gr24, Gr36, Gr48, and Gr60 are samples ground for 1/6, 6, 12, 24, 36, 48, and 60 h, respectively.
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gouge samples with longer periods of t gr contain larger amounts of adsorbed moisture, they are expected to have been at higher pore pressures by fast vaporization of moisture and therefore lower in frictional strength.
Gouge sample Gr1/6 also showed slight dilatation during the experiment at V eq = 13 cm/s when T reached ≈ 230°C at L eq ≈ 5.2 m, corresponding to a decrease in μ (Figure 10d ). This implies that thermal pressurization also occurred in this sample at V eq = 13 cm/s. Although dilatation was not observed in other gouge samples at V eq = 13 cm/s, smaller amount of ΔH at V eq = 13 cm/s than that at V eq = 4 cm/s between gouge samples with a given t gr (Figures 10c and 10d ) was possibly due to higher pore pressures at V eq = 13 cm/s than at V eq = 4 cm/s. In addition, three additional friction experiments at V eq = 13 cm/s and a permeable condition show that μ ss values were higher than those at an impermeable condition and roughly the same irrespective of t gr (Figure 11f ). This was because water vapor escaped out from the gouge layer through the permeable sandstone block so that pore pressure did not build up during the experiments. This supports that thermal pressurization occurred and is responsible for decreasing μ ss with t gr at V eq = 13 cm/s and an impermeable condition. Roughly the same μ ss values irrespective of t gr at a permeable condition also confirm that amorphous material alone does not affect frictional strength of ground dolerite gouges.
Thus, thermal pressurization is most likely responsible for weakening of our gouge samples at V eq ≥ 13 cm/s. Velocity weakening at V eq ≥ 13 cm/s is attributable to higher pore pressures within the gouge layer raised by faster dehydration at faster V eq .
Implications for Natural Faulting
Our experimental results indicate that amorphous fault gouge [e.g., Ozawa and Takizawa, 2007] alone does not affect the fault strength. However, they revealed that amorphous gouge preferentially adsorbs moisture which strongly affects the fault strength, as discussed by Mizoguchi et al. [2006] . Although subsurface fault zones are not at room humidity conditions as experimentally simulated faults, the former are commonly fluid pathways [e.g., Hickman et al., 1995] and wet so that amorphous fault gouge would preferentially adsorb water if any.
The abundant presence of water-adsorbed amorphous gouge in fault zones would promote water-adsorbed strengthening and hence fault healing during an interseismic period when the fault zone temperature is lower than the dehydration temperature [e.g., Mizoguchi et al., 2006] . But once the fault zone temperature exceeds the dehydration temperature by frictional heating when a seismic slip propagates for example, dehydration of water-adsorbed amorphous gouge would cause thermal pressurization in the fault zone, resulting in dramatic weakening and a large slip. Of course, water-adsorbed amorphous gouge would be altered into clay minerals in time. In that case, dehydration of clay minerals would cause thermal pressurization and resultant weakening, as already discussed by Brantut et al. [2008] and Boutareaud et al. [2008] .
Conclusions
We prepared simulated fault gouges by grinding of dolerite in an agate mortar for 10 min to 60 h and then conducted rotary-shear friction experiments on these simulated gouges at room temperature and humidity, a normal stress of 2 MPa, and constant equivalent slip rates (V eq s) ranging from 20 μm/s to 1.3 m/s. The results led us to draw the following conclusions.
1. Grinding of dolerite induced progressive amorphization of ground materials and moisture adsorption in amorphous particles. Amorphous material is absent in a sample ground for 10 min, while its amount increases up to ≈ 43 wt % with grinding time (t gr ). The amount of adsorbed moisture is only ≈ 0.6 wt % in a sample ground for 10 min, while it also increases up to ≈ 12 wt % with t gr in proportion to the amount of amorphous material, suggesting that moisture is preferentially adsorbed in amorphous material. 2. Grinding of dolerite also promoted spherical agglomeration of amorphous ground particles. Relatively large spherical aggregates consist of a crystalline crust core and a mantle of amorphous ground particles, similar to accretionary lapilli in volcanic ash falls or clay-clast aggregate in fault gouges. Spherical agglomeration of amorphous particles likely occurred through their attraction by electrostatic forces caused by friction between particles and their binding by capillary forces of moisture bridges between particles. 3. At V eq ≤ 1.3 cm/s and impermeable conditions, the steady state friction coefficient (μ ss ) of the ground dolerite gouges ranged from 0.59 to 0.80. Although μ ss changes little with V eq among gouges with a given t gr , it systematically increases with t gr among gouges at a given V eq . The gouge temperature (T) did not
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exceed 80°C so that gouges retained moisture adsorbed in amorphous particles. Because gouges with longer periods of t gr retain larger amounts of moisture, the increase in μ ss with t gr is attributable to moisture-adsorbed strengthening of amorphous particles. 4. At V eq = 4 cm/s and an impermeable condition, μ ss values were 0.60-0.66 being roughly the same among gouges with different periods of t gr . T reached 100-130°C so that dehydration of amorphous particles occurred during the experiments. Because moisture was drained off from amorphous particles, moisture-adsorbed strengthening was not effective. Roughly the same μ ss values among gouges with different periods of t gr imply that amorphous material alone does not affect frictional strength of ground dolerite gouges. 5. At V eq ≥ 13 cm/s and impermeable conditions, μ ss values dramatically decreases from 0.45-0.64 at V eq = 13 cm/s to 0.08-0.26 at V eq = 1.3 m/s. In addition, μ ss at a given V eq systematically decreases with t gr . T reached 160-500°C. Dehydration of amorphous particles likely occurred too fast for water vapor to completely escape out from the gouge layer, which raised pore pressure within the gouge layer. Faster dehydration at faster V eq resulted in a larger pore pressure increase and lower frictional strength. In addition, because gouges with longer periods of t gr contain larger amounts of adsorbed moisture, they became weaker due to larger increases in pore pressure and hence larger amounts of reduction in frictional strength. 6. Additional friction experiments at V eq = 13 cm/s and a permeable condition, in which μ ss values were roughly the same irrespective of t gr , support that increasing pore pressure is responsible for decreasing μ ss with t gr at this V eq and an impermeable condition. Roughly the same μ ss values irrespective of t gr at a permeable condition also confirm that amorphous material alone does not affect frictional strength of ground dolerite gouges.
